(EMT). Cells can change movement from amoeboid to fibroblastic or vice versa (6) . The nuances of cell migration are governed by a balance between extracellular cues (signaling molecules, ECM, basement membrane, and proteases) (7), transduction of those cues through receptor-ligand systems, and the dynamics of the cytoskeleton or cellular motors (8) . Migratory cues/signals can be either soluble (as in chemotaxis and chemokinesis) or immobilized to the substrate without or with chemical (as in haptotaxis) or electrical gradients (as in galvanotaxis) (8, 9) .
The Boyden chamber and scratchwound assays are classical methods for studying chemotaxis, cell invasion, and cell motility dynamics (10 -12) . New technologies such as microfluidic chambers (13) (14) (15) (16) (17) (18) , capillary techniques (19, 20) , galvanotaxis assay (21) (22) (23) , Radius CytoSelect Cell Migration Assay (24) , electric cell substrate impedance sensing (ECIS) assay (25) , scratchwound assay (26) , gap closure assay (27) , and 3-D collagen/fibrin gels (28, 29) have been developed to provide more in vivo-like conditions to assess a wide array of motility mechanisms. Most of these systems assess only one substrate at a time or depend on the adsorption capacity of the glass or the dispersion capacity of ink-jet printer nozzles (30, 31) . While the latter, which provides a means of printing ECM constituents, affords flexibility of pattern and minimizes the amount of reagent used, it has two undesirable characteristics: one is small droplet size Linear array of multi-substrate tracts for simultaneous assessment of cell adhesion, migration, and differentiation
Reports

METHOD SUMMARY
The linear array of multi-substrate cell migration assay (LAMA) culture system comprises a linear parallel array of up to 20 covalently immobilized protein substrates. Two different configurations of the LAMA system can be used to assess cell migration versus cell differentiation in response to an array of extracellular constituents. (30-80 pl), which results in an array of circles/ellipses that only cover ~80% of the surface target, and the second is that the droplet dries quickly, given its small size, as it is delivered over the glass, forming a gradient of denatured substrate associated with each droplet in accordance with its geometry. One way to circumvent this issue is to use cross-linking agents to covalently attach target proteins in a more native conformation. Aminosilanized glass slides offer a means for covalently attaching target proteins using varied cross-linking reagents (32) . A variety of residues can be used (e.g., sulfhydryl or amino side groups) to optimize retention of functional structure, with amine-based immobilization being perhaps the most common means for attaching proteins, since not all proteins have an exposed cysteine. Regardless of how proteins are attached to the substrate, numerous variables remain concerning the extent of native protein conformation preservation (33) (34) (35) .
In order to effect a more homogenous distribution of the protein, we have developed a means of preparing a linear and parallel arrangement of multiple target proteins or test compounds (up to 20) in nanogram amounts to study cell adhesion, migration, and differentiation on limited numbers cells. We call this system linear array of multi-substrate cell migration assay (LAMA). LAMA covalently joins ECM proteins to a glass slide, making the assay compatible with standard microscopic methods for cell migration analysis (e.g., time-lapse video microscopy or immunohistochemistry).
Materials and methods
The following reagents were used in this study: 3-aminopropyltriethoxysilane (aminosilane reagent) (Pierce/Thermo Fisher Scientific, Waltham, MA); coupling buffer (PBS-EDTA; Sigma-Aldrich, St. Louis, MO) (50 mM phosphate, 0.15 M NaCl, 10 mM EDTA, pH 7.2); crosslinker (Sulfo-LC-SPDP; Pierce/Thermo Fisher Scientific); fibronectin from bovine plasma (Sigma-Aldrich); hyaluronic acid (Sigma-Aldrich); BSA (Sigma-Aldrich); FBS (Gibco, Waltham, MA); ner ve growth factor (NGF) (Promega, Madison, WI); recombinant periostin (Biovendor, Asheville, NC); collagen I (rat tail) and . The 10 reaction tunnels, which were the most important part of the present study, were made in Sylgard 184. The dimensions for each LAMA-M tunnel were: width, 0.5 mm; height, 0.6 mm; length, 2 mm; gap between tunnels, 0.3 mm (A1). For LAMA-D, the only change was an increase in length to 3 mm (B1). The slide (A1 or B1) was derivatized with an aminosilane reagent to add NH 2 groups, and the reaction tunnel mold was affixed to the glass surface. Test proteins were covalently linked to the glass within the channels by first adding the bifunctional maleimide activated linker, washing with PBS, and then adding the proteins of interest (represented by different colors) or using the same protein at different concentrations (different intensities of the same color). After attachment of the protein to the glass, the reaction tunnels were detached, the slide was washed, and unreacted sites were blocked with poly-lysine-PEG. (A2) Inserts M1 and M2 for the migration assay were made with 2 C-shaped Sylgard molds (3-mm wide × 10-mm long × 5-mm high). The M inserts were affixed to the slide adjacent to the printed parallel target proteins, and the open side was then closed using a cut coverslip (7 × 15 mm, see arrow heads) to form wells (maximum volume: 150 ml) separated 1 mm from each other. (A3) Cells were added (red pipet) to each well and incubated for 7 h at 37°C to allow cells to attach to the non-derivatized surface prior to removal of the glass slide barrier. The dish was washed with warm medium to remove non-adherent cells. (A4) Migration evaluation. The time zero of the migration assay was considered to be when the inserts were removed, and the cells were at the starting point (back arrow head). The end of the experiment was considered to be when the cells met in the center of the 1-mm gap at the interface with the derivatized target protein array or when the cells were closing that gap (green arrowheads). Migration was evaluated as the difference between the initial position (black arrowheads) and the final position of the cells in the gap (green arrowheads). (B2) Insert D for the adhesion and differentiation assay. A square frame made of Sylgard (10-mm per side × 5-mm high; maximum volume: 500 ml) was affixed to the glass slide surrounding the target protein array to create the culture chamber. (B3) The center well was seeded with 500 ml cell suspension and incubated at 37°C to allow adhesion to the target proteins. The Sylgard enclosure was removed after a 24 h incubation, and the slide was washed with warmed medium to remove non-adherent cells. This point is considered time zero. (B4) After 5 days, with medium changed every other day, cultures could be assessed for the expression of differentiation markers.
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Chamber preparation
The cell migration and cell differentiation chambers were prepared in three steps: mold preparation, protein linkage, and chamber assembly:
Mold preparation. All of the master patterns were handmade on acrylic or glass and were a mirror image of the mold. The molds were made from Sylgard 184 (Dow Corning, Midland, MI) with a mix ratio of 10:1 (v/v) and cured at 45°C for 4 h. The plastic housing of a Costar syringe filter (Cat. #8110; Corning, Waltham MA) was disassembled, and the internal baffle ridges were used as a mirror template for creating Sylgard molds comprising multiple reaction tunnels, each 0.5-mm wide × 0.6-mm high, separated by a gap of 0.3 mm. The resulting mold was cut with a single-edged razor blade to 2-mm long for LAMA-M ( Figure 1A1 ) (maximum volume: 0.6 ml) or 3-mm long for LAMA-D ( Figure 1B1 ) (maximum volume: 0.9 ml). The C-shaped culture inserts M1 and M2 for LAMA-M ( Figure 1A2 ) were prepared by adhering glass blocks (5-mm high × 3-mm wide × 10-mm long) to a Petri dish, then attaching a glass slide vertically to the long axis of the block and subsequently flooding the block with Sylgard, which was allowed to cure and then trimmed with a razor blade to produce 2-mm thick walls (maximum volume: 150 ml). The vertical glass slide was carefully replaced with a glass coverslip (Corning) that had been cut to 7-mm high × 15-mm long and previously coated with a thin layer of Sylgard (after curing at 45°C for 4 h) to complete the culture insert ( Figure 1A2 ). The squareshaped culture inserts for LAMA-D ( Figure  1B1 ) were prepared by a similar process to yield constructs with an inner dimension per side of 10-mm long × 5-mm high (maximum volume: 500 ml).
Protein linking. This process was divided into several stages ( Figure 1 , A1 and B1): (i) Glass slide derivatization: Fisherbrand Superfrost Plus microscope slides (Cat. #12-550-15; Fisher Scientific, Waltham, MA) were cut to 23 × 25 mm (with the right corner notched as an orientation marker), washed in a bath of saturated NaOH in ethanol for 5 min, then rinsed in ethanol followed by distilled water, and air-dried. Cleaned glass slides were immersed in a 2% solution of 3-aminopropyltriethoxysilane in acetone for 30 s, then rinsed with dry acetone and air-dried. Individual slides were put inside a Falcon cell culture dish (35 × 10 mm). The bottom surface of the channel molds was lightly covered with Sylgard 184 (10:1 v/v) and then placed onto the glass slide and allowed to cure at 45°C for 4 h. This procedure prevents cross-contamination between channels when applying substrates. (ii) Maleimide activation: The aminosilylated glass surface was covered with 5 mL crosslinker solution (Sulfo-LC-SPDP; 2 mg dissolved in 1 mL PBS-EDTA, pH 7.2), incubated for 1 h at room temperature, then rinsed with coupling buffer, washed with water, dried, and stored desiccated at 4°C for later use. (iii) Protein coupling: Each tunnel was filled with approximately 1 ml of the test protein solution (10-100 mg/ mL in PBS-EDTA), using a micropipette with an Eppendorf microloader tip, then incubated for 4 h at room temperature followed by rising with coupling buffer to remove any unbound protein (36) . (iv) Blocking residual active sites: Each tunnel was filled with 1% BSA or 1 mM glycine, then incubated for 2 h at room temperature to block any unreacted maleimide sites. (v) Mold removal: The position of the tunnel mold was marked by adhering a sterile piece of paper containing a laserprinted image of the tunnels and mold to the underside of the slide and aligned to orientation marks on the slide. The mold was subsequently removed carefully using forceps, and the imprinted surface was covered for 30 min with PLL-g-PEG to inhibit cell attachment to non-derivatized areas of the slide. The PLL-g-PEG solution was prepared as described by Huang et al. (37) . Briefly, 84 mg of poly-Llysine hydrobromide (molecular weight: 20 kDa) (Sigma-Aldrich) was dissolved in 1.05 mL 50 mM sodium borate buffer (pH 8.5). Following dissolution of the poly-L-lysine hydrobromide, 216 mg of N-hydroxysuccinimidyl ester of methoxypoly-(ethylene glycol) propionic acid (molecular weight: 2 kDa) (Shearwater Polymers, Inc., San Diego, CA) was added, and the reaction was allowed to proceed for 6 h at room temperature. The resulting reaction mixture was dialyzed (Spectra-Por, 6-8 kDa cutoff; Spectrum, Waltham, MA) for 24 h, first against a 1000-fold excess of PBS (pH 7.4) overnight and then against deionized water for an additional 24 h.
Introducing ali-Q™
Get accurate and precise aliquots without the need to "eyeball" the meniscus.
• Faster aliquoting with the press of one button.
• Also aspirates and dispenses like other pipet controllers.
• Uses any size or brand serological pipet.
Use VistaLab™ Wobble-not™ serological pipets with ali-Q for the ideal pipetting system. The resulting dialysate was diluted with 4 mL deionized water, then filtered (0.22 mm) and stored at -20°C. The PLL-g-PEG solution was used at a 1:60 dilution in PBS.
Chamber assembly. The LAMA-M module is composed of a glass slide with the attached target proteins (Figure 1A2 ), the upper 2 C-shaped Sylgard 184 molds, and 2 glass coverslips cut to 7 × 15 mm and affixed to the lateral side of the upper chamber, resulting in 2 culture compartments. The LAMA-D module is composed of a glass slide with the attached target protein ( Figure 1B1 ) and a square Sylgard 184 mold ( Figure 1B2 ). Following completion of chamber assembly, the paper template for the tunnel mold was removed from the underside of the slide for both modules.
Chick mesenchymal cell isolation
Chick embryos, Hamburger Hamilton (HH) stages 28 and 40 (6 days and 16 days of incubation, respectively), were collected in sterile PBS. Hearts were removed and transferred to fresh, sterile PBS. The left and right atrium and ventricular apex regions were dissected out to expose the whole prospective atrioventricular (AV) apparatus in HH stage 28 hearts. The right valve was removed from each heart and transferred to fresh PBS. The ventricular apex of HH stage 40 chick hearts was dissected from the right atrial wall to expose the interatrial septum, which was then removed and transferred to sterile PBS. The HH stage 28 valve leaflets and the HH stage 40 interatrial atrial septa were transferred to separate tubes and incubated for 30 min at room temperature in 2.5% porcine trypsin (Gibco) with slow agitation, followed by centrifugation at 200 × g for 5 min in an accuSpin 1 microcentrifuge (Fisher Scientific). The supernatant fraction was carefully removed and then resuspended to 10 5 cells/mL in M199 medium containing 1% chicken serum, ITS (5 mg/ mL insulin, 5 mg/mL transferrin, 5 ng/mL selenium) (Becton Dickinson, San Jose), and penicillin-streptomycin (100 U/mL and 100 mg/mL, respectively) (Fisher Scientific). Each well of the LAMA-M module received 200 ml of this cell suspension. The cultures were incubated at 37°C/5% CO 2 with humidity at saturation. Culture medium was replaced every other day, as needed.
Cell lines PC12 cells were kept in RPMI supplemented with 10% horse serum, 5% FBS, and 100 U/mL and 100 µg/mL penicillinstreptomycin, respectively. Each well received 1 × 10 4 cells for the LAMA-D model. Medium was changed every 2-3 days. PC12 cells were induced to differentiate by treating with 50 ng/mL NGF and replenishing with medium containing NGF every other day. The degree of differentiation was scored after 5-7 days.
Mouse embryonic stem cells (mESCs) expressing green fluorescent protein (GFP) regulated by the a myosin heavy chain promoter were used to assess their differentiation into myocardial cells. The mESCs were plated (1 × 10 4 cells per well) and treated with a cocktail of growth/differentiation factors to induce a myocardial phenotype. Medium was replaced every other day. The degree of differentiation was assessed on day 7. Both cell types (PC12 and mESC) were cultured at 37°C in a 5% CO 2 /95% air atmosphere with humidity at saturation.
Results and discussion
We sought to circumvent the limitations of current adhesion/migration/differentiation model systems, which only allow for testing one substrate condition at a time. Our study describes two new culture models, one for assessing the relative (Figure 1 ). Both models utilize a tunnel reaction chamber, with each tunnel being used to covalently attach an array of matrix constituents to microchannels on a glass slide. The protein arrays were created in three steps: (i) derivatizing the glass surface with free NH 2 groups in order to (ii) attach a bifunctional cross-linking reagent that was used to (iii) covalently attach proteins of interest in each reaction tunnel. Proteins that do not have available sulfhydryl groups can be attached using other functional side groups. Diagrams of the completed LAMA-M and LAMA-D culture chambers are presented in Figure  1 , A2 and B2, showing hypothetical experimental results for both models in Figure 1 , A3, A4, B3, and B4.
Several different approaches were tried to create the reaction tunnels before we discovered that the internal ridges of a Costar syringe filter (see above) offered a convenient, inexpensive, and reliable template for casting a mold with the desired channel dimensions. The polyvinyl chloride (PVC) housing is compatible with the Sylgard matrix, resulting in uniform spreading and no bubbles. Another initial challenge was aligning the LAMA-M and LAMA-D culture chambers to the test protein lanes. We found that adhering a temporary paper template on the bottom of the glass slide was an easy way to guide the proper attachment of the culture chamber molds.
The literature shows that there are differences in cell behavior on fibronectin coated passively onto plastic dishes, presumably due to protein denaturation or variable availability of functional motifs. Studies such as those by Garcia et al. (38) have used differential accessibility of monoclonal antibodies to assess the molecular structure of fibronectin attached to substrates. While, in theory, one might expect such an ELISA method to work for assessing the LAMA molds, the surface area of a well in a 96-well plate is 160× greater than for that created by a LAMA tunnel, which would 4 in 500 ml) were plated on the chamber shown in Figure 1B3 . The enclosure was removed after 24 h, and the free (non-attached) cells were washed with warm media. (A,A') After 3 days of culture, most of the cells were not attached to the surface and were removed when the medium was exchanged with fresh warm medium; compare with A'. Note that only cells on collagen IV (Lane 4 in A') and collagen I (Lanes 6 and 7 in A') remained attached (homogeneous attachment on the collage IV lane, but not on the collagen I lanes). PC12 cells that were induced to differentiate by treatment with 50 ng/mL nerve growth factory (NGF) for 5 days express the chromaffin (arrows) and dendritic phenotypes (arrow heads). Note that more chromaffin cells than dendritic cells grew on collagen IV (A''), while the opposite occurred on collage I (A'''). The protein concentrations used per lane were: fibronectin, 100 mg/mL (Lane 1), 50 mg/mL (Lane 2), 10 mg/mL (Lane 3); collagen IV, 10 mg/mL (Lane 4); periostin, 100 mg/mL (Lane 5); collagen I, 100 mg/mL (Lanes 6 and 7); serum, 5% (Lane 8); and hyaluronic acid, 100 mg/mL (Lane 9). The scale bar represents 0.5 mm. (B) Mouse embryonic stem cells (mESCs) were plated on a chamber as shown in Figure 2B . The enclosure was removed after 24 h, and the non-adherent cells (double white arrowhead) were washed away with warm medium (see double white arrowhead in Panel B'). Note that only mESCs remain attached homogeneously only on collagen I (Lane 6). By day 7, some cells acquired a fibroblastic phenotype (* in Panel B'), while others acquired a myocardial phenotype where they expressed GFP under the regulation of the a myosin heavy chain promoter (Panels B'' and B''') and were beating (not shown). The protein concentrations used (mg/mL) were: fibronectin, 100 mg/mL (Lane 1), 50 mg/mL (Lane 2), 10 mg/mL (Lane 3); collagen IV, 10 mg/mL (Lane 4); periostin, 100 mg/mL (Lane 5); collagen I, 100 mg/mL (Lane 6); serum, 5% (Lane 7); hyaluronic acid, 100 mg/mL (Lane 8); fibronectin, 100 mg/mL (Lane 9). The asterisks denote the same area in Panels B', B'' and B'''.
Vol. 63 | No. 6 | 2017 account for our inability to demonstrate the distribution of matrix proteins in our model system. Others have explored the molecular conformations of fibronectin on different surfaces using atomic force microscopy (39) , but that is beyond the scope of the present study.
The LAMA-M model was used to compare the migration characteristics of different sources of mesenchymal cells from embryonic chick hearts (Figure 2) . First, we assessed reproducibility by culturing 2 independent isolates of only interatrial septum mesenchymal cells in duplicate (Samples 1 and 2), which gave similar results for gap closure from 8 to 24 h (Figure 2A) . Next, we compared two different sources of embryonic chick heart mesenchymal cells (interatrial septum mesenchymal cells and AV cushion cells) on an array of different matrix substrates. As shown in Figure 2 , B and C, the interatrial septum mesenchymal cells migrated faster than the atrioventricular cells, depending on the target substrate. Importantly, the extent of migration was dependent on fibronectin concentration (10 mg/mL versus 100 mg/mL) (Figure 2 ). The enhanced migration of embryonic mesenchymal cells is similar to what has previously been reported for fibroblasts (40) (41) (42) .
To test the utility of the LAMA-D model, we compared two cell lines, one for neuronal differentiation (PC12) (43, 44) and the other for myocardial differentiation (mESC) (45) . PC12 cells were chosen because they recapitulate several characteristics of neuronal differentiation when stimulated with NGF (43, 44) . PC12 is a cell line derived from a neuroendocrine tumor of the rat adrenal medulla. When treated with NGF, PC12 cells stop dividing and terminally differentiate. PC12 cells cultured in the LAMA-D model attached preferentially to both type I and IV collagen-coated surfaces ( Figure 3A-A'' ) and exhibited a neuronal phenotype as characterized by the expression of neural chromaffin ( Figure  3A '', arrows) and dendritic morphologies ( Figure 3A '', arrowheads) when treated with NGF. After 3 days in culture, most of the PC12 cells were loosely attached to fibronectin or periostin, resulting in the cells being washed away when the culture medium was changed (compare Figure 3A versus 3A' ). Note that PC12 cells only remained attached to collagen IV (Lane 4 in Figure 3A' ) and collagen I ( Figure 3A ', Lanes 6 and 7) after the medium was changed; however, there appeared to be a preference for cell retention on collagen IV over collagen I. It should also be noted that NGF-treated PC12 cultures appeared to contain more chromaffin cells than dendritic cells on collagen IV, while the converse occurred on collagen I (compare Figure 3A' ' versus 3A'''). The LAMA-D model was also used to test the capacity of mESCs to express characteristics of a myocardial phenotype when grown on different ECM constituents ( Figure 3B ). mESCs were cultured in a LAMA-D chamber for 24 h prior to removal of the glass partition to allow cells to attach and migrate on the varied ECM substrates. Note that mESCs remained attached in a continuous sheet only on collagen I ( Figure 3B , Lane 6), while mESCs did not attach to other test substrates and were washed away when processing the sample for analysis (see double white arrowhead in B'). By day 7, some mESCs acquired fibroblastic characteristics and others a myocardial phenotype, as evidenced by the expression of GFP under the regulation of the a myosin heavy chain promoter (* in Figure 3B ', 3B'' and 3B''').
Here, we developed a culture system for directly comparing how cells respond to a linear array of different proteins or possible candidates, to study in parallel, cell migration, adhesion, and differentiation, using minute amounts of test proteins and cells. Our LAMA-M and L AMA-D culture models minimize reagent costs by reducing the amounts of test compounds and reagents. A modification of the model allows for a direct comparison of behavior between two cell types in a single system. It is possible that, with minor modifications, one could similarly study galvanotaxis on different substrates. In addition, by using robotic processing to make the mold, it would be possible to increase the number of channels to 50 per 10 mm (50 mm per channel with a 150-mm gap), allowing the study of up to 100 different substrates. Since it is possible to use different concentrations or replicates of the same substrate at the same time, this new design will also allow study of possible interactions or crosstalk between cells and substrates affecting cell migration on the neighboring tract.
This new design provides enormous flexibility in controlling the critical biochemical and biomechanical factors influencing cell behavior, is compatible with varied microscopic methods of analysis, and uses only limited numbers of cells and minimal amounts of expensive test reagents.
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